Abstract-This letter presents a transmitter for subterahertz radiation (up to 160 GHz), which consists of a nonlinear transmission line (NLTL) and an extremely wideband (EWB) slot antenna on a silicon substrate of low resistivity (10 Ω · cm). The fabrication was realized using a commercially available 65-nm CMOS process. On-wafer characterization of the whole transmitter, of the stand-alone EWB antenna, and of the stand-alone NLTL is presented. Reflection measurements show that the stand-alone EWB antenna has a −10-dB impedance bandwidth in the frequency bands of 75-100 GHz and 220-325 GHz, which agrees very well with the simulation results. The simulated radiation patterns of the antenna are also presented, indicating that the transmitter has an ominidirectional performance. The output power of the NLTL alone and of the transmitter is measured up to 160 GHz, from which the power gain of the on-chip antenna is derived and has a maximum value of −9.5 dBi between 90 and 120 GHz.
I. INTRODUCTION
A PPLICATIONS for radiation at terahertz (typically considered to be between 100 GHz and 10 THz) frequencies have begun to mature through the development of spectroscopy and imaging systems [1] . The key enabler lies in the future possibility of low cost generation of terahertz radiation. Terahertz waves can be generated through ultrafast lasers [2] , quantum cascade lasers [3] and photomixing sources [4] . In this letter, we choose a compact fully electronic approach via frequency multiplication by means of nonlinear transmission lines (NLTLs) [5] , [6] , which have been already used in the past to build complete all-electronic terahertz spectrometers in GaAs [7] , [8] . An extremely wideband (EWB) on-chip slot antenna is designed for terahertz radiation. A fully CMOS integrated transmitter consisting of the integrated EWB antenna and a 65-nm CMOS NLTL is demonstrated in this letter. 
II. DESIGN
NLTLs are linear transmission lines periodically loaded with a nonlinear element (such as a varactor, for instance) and are used in this work to generate a set of higher harmonics from a sinusoidal input signal. A micrograph of several NLTLs fabricated in 65-nm TSMC CMOS technology, one of which is integrated with the EWB antenna, is shown in Fig. 1(a) . The NLTL in the terahertz transmitter (i.e., NLTL integrated with the EWB antenna) is 7.1 mm long, and it is composed of 190 sections of 37.4-µm long linear transmission lines periodically loaded with voltage-dependent capacitances [see Fig. 1(b) ]. The NLTLs have been designed using the equations reported in [6] . As standard coplanar waveguides (CPWs, typically used for the implementation of the NLTL in GaAs) are not suitable for CMOS implementation due to the large losses introduced by the low-resistivity silicon substrate, the linear transmission line used to feed the antenna in our design is a modified CPW [as shown in Fig. 1(c) ], which is shielded both laterally and from the substrate below with copper to confine the signal in the back end and to decrease losses. In our design, the width of the center aluminum conductor W S is 14 µm, the gap between the center conductor and grounded conductors G S is 14.5 µm, and the width of the grounded conductors W G is 10 µm. The nonlinear capacitances are made of CMOS RF n+-poly/n-well-type varactors, and the size of the varactors is optimized to achieve a minimum fall time of the output signal in the simulation. After optimization, each varactor has a large signal capacitance (as defined in [6] ) of 6.1 fF and an overall capacitance swing of 6 fF when the voltage across its terminals varies from V L = −2 V to V H = 2 V. The parasitic series resistance R d associated with each varactor is 51.4 Ω. With the variable capacitances used, the falling edge of a low frequency input sinusoid signal is progressively sharpened, and harmonics are generated up to subterahertz and terahertz waves. The antenna connected with the NLTL has an impedance R A and transfers power i 2 R A from the circuit as terahertz radiation. If the output power is sufficient, the signal generated in this way has an EWB spectrum that can be used to carry out terahertz spectroscopy.
To couple efficiently the free-space terahertz waves to the electrical circuit or vice versa, a suitably designed antenna is required. To characterize its performance, an EWB antenna fed by a linear transmission line is fabricated on the same chip as the NLTL, and its micrograph is shown in Fig. 2. Fig. 2 also gives the schematic of the EWB antenna. To achieve high efficiency, the input impedance of the EWB antenna is designed 0741-3106/$26.00 © 2011 IEEE to be matched to that of the NLTL, which is 50 Ω. The antenna integrated with the NLTL on a single CMOS chip is fabricated on a 150-µm-thick low-resistivity (10 Ω · cm) silicon substrate. The top aluminum metal layer is used to realize the inner stub of the slot antenna; see Fig. 2 . The radiating slot is in the shape of a wine glass, in which the inner stub is formed by a radial stub with radius R in = 250 µm and a rectangle stub with length L = 250 µm and width W = 500 µm. The slot width G is 25 µm. The size of the surrounding ground plane is 1.035 mm (L T ) × 0.75 mm (W T ).
III. RESULTS
On-wafer probe measurements in WR-10 and WR-3 bands are carried out. Fig. 3 shows the simulated and the measured return loss of the antenna. Measurement indicates an adequate 50-Ω impedance matching (S 11 < −10 dB) for the band of 220-300 GHz, which agrees with the HFSS simulation result where the antenna exhibits a broad impedance bandwidth of 120-350 GHz.
The simulated normalized gain radiation patterns of the EWB antenna in the frequency range from 100 to 200 GHz are given in Fig. 4 . The antenna features omnidirectional radiation patterns over this frequency range. Due to the fact that the antenna's radiation characteristics suffer from high losses and unwanted substrate modes in the thick low-resistivity silicon substrate, numerical results indicate that radiation efficiencies of 44% (at 100 GHz), 31% (at 150 GHz), and 15% (at 200 GHz) are achieved.
A measurement of the transmitter has been carried out in two bands, the WR-10 and WR-6 bands. The input signal injected into the NLTL is generated from an Anritsu signal generator MG3694A, and the power level is 18 dBm at 6 and 10 GHz. For receiving, a standard horn antenna is placed under the on-chip antenna silicon substrate at a distance d. In the WR-10 band, an Agilent spectrum analyzer E4440B with an Agilent 11970W harmonic mixer is applied to measure the output spectrum. In the WR-6 band, the Agilent 11970W harmonic mixer is replaced by a Pacific Millimeter Products (PMP) harmonic mixer DM connected with a diplexer MD1A. The measurement of the output power of the NLTL alone has also been carried out. Fig. 5 shows the received power when the distance d between the standard horn antenna and the EWB antenna is 10 cm.
The power gain of the antenna is measured on chip with the setup described earlier. The distance d is changed to 20 cm to satisfy the far-field condition, which is equal to or greater than 2D
2 /λ 0 , where D and λ 0 are the largest aperture dimensions of the antennas and the free-space wavelength at the operating frequency, respectively. From the Friis power transmission formula, the power received by the horn antenna from the transmitter can be expressed by
where P NLTL is the output power from the NLTL alone, G EWB and G HORN denote the gain of the EWB antenna and the horn antenna, respectively, and λ is the wavelength. From (1), we can derive the approximate gain of the antenna in the −Z direction, where samples can be placed in a spectroscopy/imaging application. The result is given in Fig. 6 , where the derived gain of the EWB antenna shows a maximum value of −9.5 dBi between 90 and 120 GHz. The power radiated from the subterahertz transmitter can be improved increasing the gain of the EWB antenna via adding a low-loss lens, e.g., high-resistivity silicon or quartz lens, and/or by removing a major part of the silicon substrate below the antenna [9] .
IV. CONCLUSION
A transmitter fabricated in commercial CMOS technology and composed by an NLTL and an on-chip antenna has been presented. Measurements of the transmitter have demonstrated its capability to generate EWB signals from 78 to 160 GHz. The on-chip antenna has a size of 1.035 × 0.75 mm 2 and has been characterized also separately from the NLTL. On-wafer measurement has been conducted to measure the return loss and gain of the EWB antenna. The antenna demonstrated an EWB performance in the range of 120-350 GHz, experimentally verified in the range of 220-300 GHz. The simulated antenna pattern showed an ominidirectional radiation characteristic, and the antenna gain, which was retrieved from the measured output power, showed a maximum value of −9.5 dBi between 90 and 120 GHz. The next step for this work is to demonstrate the possibility to use the developed ultracompact transmitter for useful imaging and spectroscopy applications.
